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The Smad proteins have been implicated in the intracellular signaling of transforming growth factor-b (TGF-b) ligands.
Here we describe the function of Smad5 in early Xenopus development. Misexpression of Smad5 in the embryo causes
ventralization and induces ventral mesoderm. Moreover, Smad5 induces epidermis in dissociated ectoderm cells which
would otherwise form neural tissue. Both of these activities require Smad4 (DPC4) activity. We propose that Smad5 acts
downstream of the BMP4 signaling pathway in Xenopus embryos and directs the formation of ventral mesoderm and
epidermis. q 1997 Academic Press
INTRODUCTION MATERIALS AND METHODS
The transforming growth factor-b (TGF-b) superfamily Plasmids
of polypeptide growth factors has been proposed to play
a central role in the development of the early embryo The BamHI fragment (1.4 kb) of mouse Smad5 cDNA (Yingling
(Hogan, 1996). The recent discovery of intracellular sig- et al., 1996) was subcloned into pSP64T. To synthesize RNA in
naling molecules, called Smads, for these ligands has al- vitro, the plasmid was linearized by BamHI and transcribed by
lowed us to better understand the diverse functions of SP6 RNA polymerase. Dominant-negative Smad4 RNA, was pre-
pared from pSP64TEN-DPC4 [1-514] as described (Lagna et al.,TGF-bs in these processes (MassagueÂ , 1996). Of these
1996). Transcription reactions were carried out using the mMes-molecules, Smad1, Smad2, and Smad3 transduce the sig-
sage Machine in vitro transcription kit (Ambion).nals of bone morphogenetic protein (BMP), activin/TGF-
b, and TGF-b, respectively (MassagueÂ , 1996). Smad4 has
been shown to form heterooligomers with other Smads,
and the activity of Smad4 is required for the function of Embryo Manipulations
Smad1 and Smad2 (Lagna et al., 1996). In Xenopus em-
bryos, Smad1 and Smad2 induce ventral mesoderm and Xenopus embryos were obtained by arti®cial fertilization and
were microinjected with synthetic RNAs as previously describeddorsal mesoderm, respectively (Baker and Harland, 1996;
(Wilson and Hemmati-Brivanlou, 1995). Animal caps were iso-Graff et al., 1996; Thomsen, 1996), and inhibition of en-
lated from blastulae and subjected to RT±PCR at gastrula ordogenous Smad4 function by a dominant-negative Smad4
tadpole stages. Dissociation of ectodermal cells was adapted fromresults in perturbation of mesoderm induction (Lagna et
the method of Wilson and Hemmati-Brivanlou (1995) with a mi-al., 1996). Although more than six Smad genes have been
nor modi®cation. Brie¯y, ectodermal explants excised from blas-
so far identi®ed, the activity of Smads in vivo has not tulae were dispersed as single cells in 11 CMFB after the removal
been fully examined. Here we analyze the function of of the outer layer in 11 CMFM. The ectoderm cells were kept
Smad5 (previously known as dwar®n-C; Yingling et al., dissociated for 5 hr with gentle shaking and reaggregated in modi-
1996) in early Xenopus development. ®ed 11 MBSH (15 mM Tris±HCl, pH 7.6, 110 mM NaCl, 2 mM
KCl, 1 mM MgSO4 , 1 mM MgCl2, 1 mM CaCl2, 2 mM NaHCO3 ,
0.5 mM sodium phosphate, 50 mg/ml gentamycin). The aggre-
gated cells were cultured until sibling embryos reached neurula1 To whom correspondence should be addressed. Fax: (212) 327-
8685. email: brvnlou@rockvax.rockefeller.edu. stage.
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FIG. 1. Smad5 ventralizes Xenopus embryos and induces ventral mesoderm. (A) Smad5 ventralizes Xenopus embryos. 2.0 ng of Smad5
RNA was injected into the animal pole of 2-cell stage embryos and developed until sibling embryos reached tadpole (stage 33). Uninjected
sibling embryos are shown as a control. (B) Smad5 induces ventral mesoderm in animal caps. Blastula stage animal caps isolated from
embryos injected with a graded amount of Smad5 RNA were cultured until sibling embryos reached gastrula (stage 11.5) and tadpole
(stage 27). The amount of RNA used is indicated on the ®gure. (C) Smad5 promotes epidermal induction in dissociated ectoderm cells.
Animal caps obtained in B were dissociated for 5 hr and reaggregated as described under Materials and Methods. The reaggregated cells
were harvested at neurula stage (stage 19) and subjected to RT±PCR. Undiss, undissociated animal caps. 0RT indicates embryos without
reverse transcriptase. Histone H4 is used as a loading control.
RT±PCR RESULTS AND DISCUSSION
The RT±PCR assay was carried out according to the method by
Induction of Ventral Mesoderm by Smad5Wilson and Hemmati-Brivanlou (1995). Sequences of primers used
in this study are as follows: Histone H4: upstream, 5*-ATAACATC- In order to analyze the role of Smad5 in early Xenopus
CAGGGCATCACC-3*, downstream, 5*-ACATCCATAGCGGTG- development, we injected RNA encoding Smad5 into the
ACGGT-3*; XAG: upstream, 5*-GAGTTGCTTCTCTGGCA-3*, animal pole of 2-cell embryos and allowed them to develop
downstream, 5*-CTGACTGTCCGATCAGAC-3*; chordin: up-
to tadpole stage. The injected embryos showed a ventralizedstream, 5*-CAGTCAGATGGAGCAGGATC-3*, downstream, 5*-
phenotype, losing dorsal axial structures including the headAGTCCCATTGCCCGAGTTGC-3*; goosecoid: upstream, 5*-AC-
and eyes (Fig. 1A). When animal caps isolated from blastulaeAACTGGAAGCACTGGA-3*, downstream, 5*-TCTTATTCCAG-
injected with Smad5 RNA were analyzed, a variety of ven-AGGAACC-3*. The rest of the primer sequences have been de-
scribed (Wilson and Hemmati-Brivanlou, 1995; Chang et al., 1997). tral mesoderm markers such as Xbra, Xwnt-8, Xhox3 (Fig.
Copyright q 1997 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8548 / 6x21$$$261 04-05-97 04:11:52 dba
404 Rapid Communication
1B, lanes 3±8), and a-globin (Fig. 1B, lanes 11±16) were
detected. Mesodermal markers are induced in a dose-depen-
dent fashion by injection of Smad5. Smad5 did not induce
dorsal or paraxial mesoderm, or neural tissue (as measured
by the molecular markers goosecoid, chordin, cardiac actin,
and NCAM). These tissues can all be induced by activin or
Smad2 (Baker and Harland, 1996; Graff et al., 1996). The
ventralized phenotype and induction of ventral mesoderm
by Smad5 is quite similar to that obtained by injection of
Xenopus BMP4 RNA (Hogan, 1996). Therefore, Smad5
mimics a BMP-like signal in early Xenopus embryos. An-
other Smad, Smad1, has been shown to mediate some aspect
of BMP4 signaling (Graff et al., 1996; Thomsen, 1996). How-
ever, Smad1 does not induce ef®ciently the early mesoder-
mal marker Xbra (Graff et al., 1996), suggesting that Smad5
and Smad1 might act in distinct pathways.
Smad5 Induces Epidermis and Directs Patterning
of Ectoderm
Several lines of evidence have suggested that BMPs direct
epidermal fate in Xenopus ectoderm, and that secreted fac-
tors emanating from Spemann's organizer antagonize the
BMPs to induce neural tissue (Hemmati-Brivanlou and Mel-
ton, 1997). When BMP signaling between ectoderm cells is
blocked by cell dissociation, the ectoderm cells form neural
tissue at the expense of epidermis (Fig. 1C, lane 4). However,
injection of Smad5 RNA (500 and 2000 pg) induces the ex-
pression of the epidermal keratin gene and inhibits the ex-
pression of the neural marker NCAM (Fig. 1C, lanes 8 and
9). Moreover, intermediate doses of Smad5 (125 pg) strongly
induce the cement gland marker XAG (lane 7). This result is
similar to the response of dissociated ectoderm to different
doses of either BMP4 protein or Smad1 (P. Wilson, G. Lagna, FIG. 2. Induction of mesoderm and epidermis by Smad5 re-
quires Smad4 activity. (A) Smad5 or tSmad4 RNA (1.0 ng) wasA. S., and A. H.-B., submitted). The progressive induction of
injected separately or together into the animal pole of 2-cell em-two different ectodermal fates, cement gland and epidermis,
bryos. Animal caps from blastulae were cultured and harvestedindicates that different levels of Smad5 activity can direct
at gastrula stage. (B) Smad5 RNA (125 or 1000 pg) were injecteddifferent ectodermal fates in dissociated cells and mimic
alone (lanes 5 and 6) or with 1.0 ng of tSmad4 RNA (lanes 8 andthe instructive effect of BMP4 on ectoderm.
9) into animal pole of 2-cell embryos. Animal caps were isolated
at blastula stage and dissociated for 5 hr as described under Mate-
rials and Methods.Smad5 Requires Smad4 in Mesodermal and
Epidermal Induction
Smads have been reported to form both homo- and hetero-
oligomers. Heterooligomerization is critical for signal trans-
duction (Lagna et al., 1996). As shown in Fig. 2A, mesoderm In this paper, we provide evidence that Smad5 transduces
BMP signals and directs patterning of both mesoderm andinduction by Smad5 is greatly inhibited by coinjection of a
dominant-negative Smad4 RNA (lane 5; Smad5 / tSmad4). ectoderm in the early Xenopus embryo. A dominant-nega-
tive Smad4 can inhibit these processes, indicating thatMoreover, both epidermal and cement gland induction by
Smad5 is inhibited by tSmad4 (Fig. 2B, lane 8 and 9). Inter- Smad4 activity is not only required for Smad1 and Smad2,
but also Smad5 function. These results suggest that Smad5estingly, tSmad4 does not rescue the expression of the gen-
eral neural marker NCAM. Similar results were also ob- might be involved in the speci®cation of ventral fates in
Xenopus. Isolation of Xenopus Smad5 will be important totained by Smad1 RNA injection (P. Wilson, G. Lagna, A.
Suzuki, and A. Hemmati-Brivanlou, unpublished data). It is clarify its in vivo contribution in the determination of ven-
tral cell types in future studies. The involvement of twopossible that functional Smad4 is required for induction of
the epidermal keratin gene, but not for the inhibition of different Smads, Smad5 and Smad1, in the BMP signaling
pathway, raises the possibility that differential activationNCAM expression.
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mal but not neural speci®cation during embryogenesis. Develop-of these Smads directs different cell fates in the embryo. It
ment 124, 827 ±837.will also be interesting to investigate which BMP ligands
Graff, J. M., Bansal, A., and Melton, D. A. (1996). Xenopus Mador receptors activate Smad5 in vivo.
proteins transduce distinct subsets of signals for the TGFb super-
family. Cell 85, 479±487.
Hemmati-Brivanlou, A., and Melton, D. A. (1997). Vertebrate em-
bryonic cells will become nerve cells unless told otherwise. CellACKNOWLEDGMENTS
88, 13 ±17.
Hogan, B. L. M. (1996). Bone morphogenetic proteins: Multifunc-
tional regulators of vertebrate development. Genes Dev. 10,We thank Curtis Altmann, Giorgio Lagna, Paul Wilson, and Dan-
1580±1594.iel Weinstein for the critical reading of the manuscript. This work
Lagna, G., Hata, A., Hemmati-Brivanlou, A., and MassagueÂ , J.was supported by NIH Grant HD 32105-01 to A.H.-B. J.M.Y. is
(1996). Partnership between DPC4 and SMAD proteins in TGF-supported by U.S. Army Breast Cancer Research Program Predoc-
b signalling pathways. Nature 383, 832±836.toral Fellowship (DAMD17-94-J-4190); X.-F.W. is supported by U.S.
MassagueÂ, J. (1996). TGFb signaling: Receptors, transducers, andArmy Breast Cancer Research Program Grant (DAMD17-945-4065);
mad proteins. Cell 85, 947±950.X.-F.W. is a Leukemia Society Scholar. A.S. is a research fellow of
Thomsen, G. H. (1996). Xenopus mothers against decapentaplegicthe Human Frontier Science Program. A.H.B. is a Searle and
is an embryonic ventralizing agent that acts downstream of theMcknight scholar.
BMP-2/4 receptor. Development 122, 2359±2366.
Wilson, P. A., and Hemmati-Brivanlou, A. (1995). Induction of epi-
dermis and inhibition of neural fate by Bmp-4. Nature 376, 331±
333.REFERENCES Yingling, J. M., Das, P., Savage, C., Zhang, M., Padgett, R. W., and
Wang, X.-F. (1996). Mammalian dwar®ns are phosphorylated in
response to transforming growth factor b and are implicated inBaker, J. C., and Harland, R. M. (1996). A novel mesoderm inducer,
control of cell growth. Proc. Natl. Acad. Sci. USA 93, 8940±Madr2, functions in the activin signal transduction pathway.
8944.Genes Dev. 10, 1880±1889.
Chang, C., Wilson, P. A., Mathews, L. S., and Hemmati-Brivanlou, Received for publication February 13, 1997
Accepted February 19, 1997A. (1997). A Xenopus type I activin receptor mediates mesoder-
Copyright q 1997 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8548 / 6x21$$$262 04-05-97 04:11:52 dba
